Ribosomal frameshifting is an essential requirement for replication of many viruses and retrovirus-like elements. It is regarded as a potential target for antiretroviral therapy. It has been shown that the frameshifting event takes place in the -1 direction within a sequence, the slippery sequence, which is usually followed by
structured RNA. To distinguish between the basic sequence requirements and the modulating elements in intact cells, we have established a sensitive assay system for quantitative determination of ribosomal frameshifting in mammalian cell culture. In this assay system, the gag and pol genes of human immunodeficiency virus type 1 are replaced by the genes for the functional enzymes 13-galactosidase and luciferase, respectively. The sensitivity of the test system allows us to demonstrate for the first time that the slippery sequence, a heptanucleotide, is sufficient to mediate a basal level of ribosomal frameshifting independent of its position within a gene. The stem-loop sequence serves only as a positive modulator. These data indicate that frameshifting could also occur during translation of cellular genes in which a slippery sequence is present within the reading frame. The resulting putative transframe proteins might have a functional importance for cellular processes.
Retroviruses and retrovirus-like elements from yeasts and other eukaryotes share some characteristics in their expression of Gag and Pol proteins. The production of the Pol proteins is mostly due to a translational frameshift event in the overlap region between gag and pol, giving rise to a Gag-Pol fusion protein (reviewed in references 8 and 11) . The efficiency of the frameshift event determines the amount of the catalytic Pol proteins, which are needed in much lower quantities than the structural Gag proteins. A defined ratio of Gag-Pol and Gag seems to be a prerequisite for optimal assembly of the virus core particles (5, 6, 22) .
Ribosomal frameshifting can operate in both directions, altering the reading frame in either the -1 or + 1 direction. In eukaryotic retroviruses, the shift in the reading frame has been observed in the 5' direction (-1) (2, 8, 11) . The exact site of ribosomal frameshifting on the mRNA has been defined for several retroviral elements and is called the shifty or slippery sequence (10, 12, 13, 21) . It consists of a 7-bp element with the consensus sequence X XXY YYZ (8, 11) , where X and Y or Y and Z can be identical. Currently, the process of frameshifting is explained by the simultaneous slippage model (12) , which comprises the translocation by one nucleotide of the aminoacyl-tRNA and the peptidyltRNA, located at the ribosomal A and P sites, respectively. The extent of translational frameshifting for different frameshift sites in naturally occurring viruses differs significantly. The estimated amounts are between 0.7 and 25% (1-4, 12, 13, 15, 17, 18, 23, 25, 28) . On the primary transcript of some retroviruses, there are two frameshift sites, the first between gag andpro and the second between pro andpol (14, 18, 20, 21) . In the case of mouse mammary tumor virus, the efficiency of the first frameshift is much higher than that of the second one (3) . This implies that RNA sequence or structure influences the extent of frameshifting. Indeed, all * Corresponding author. defined retroviral shifty sequences are followed at a short distance (between 1 and 9 bases) by structured RNA, a stem-loop or a pseudoknot (8, 11) . Experimental work has indicated that these RNA structures are required for efficient frameshifting (1, 3, 4, 12, 23) .
The determination of frameshifting efficiency is rather difficult. The published data for human immunodeficiency virus type 1 (HIV-1) frameshifting range between 0.7 and 12% depending on the test system and the genetic constructs used as reporters (in vivo versus in vitro translation) (13, 17, 23, 25, 28) . We have established an in vivo test system which is based on nonviral proteins, allowing an exact determination of relative frameshifting efficiency. In our assay system, the gag and pol genes of HIV-1 are replaced by the functional reporter genes for 3-galactosidase and luciferase, respectively. Functional luciferase in the P-galactosidaseluciferase fusion protein (GAL-LUC) is only measurable when frameshifting in the -1 direction has taken place during translation of the mRNA. The test system is sensitive enough to determine frameshifting efficiency of less than 0.1% in certain high-expressing mammalian cell lines. Our results show that the HIV-1 shifty sequence is sufficient to mediate a basal level of ribosomal frameshifting, whereas the stem-loop of HIV-1 serves as a positive modulator.
MATERIAILS AND METHODS
Plasmid constructions. Plasmid pBgalluc-1 was constructed by insertion of a 3,050-bp fragment from a lacZ expression vector (pH3APrl-P-Gal), extending (9) . The sequence G UUU UUA was changed to U UUU UUA, and by additional elimination of one nucleotide, the following luciferase-encoding region was put into the -1 frame. The mutations were made in a way that preserved the authentic amino acid sequence of the luciferase, provided that frameshifting takes place at the predicted codons.
Plasmids pBT7FSLuc-1, pBT7Luc-1SL, and pBT7Luc-1hepta correspond to pBgalluc-1, pBgalluc-1sL, and pBgalluclhepta, respectively (see Fig. 2 ). They were derived from previously described eukaryotic expression plasmids (25) 
RESULTS
Test system for frameshifting efficiency. In order to investigate frameshifting in intact cells, the reporter construct pBgalluc-1 (Fig. 1A) and a corresponding reference plasmid, pBgallucO, were constructed. In the reporter pBgalluc-1, the coding region for luciferase (without its own AUG) is fused in the -1 frame with respect to the coding region for 1-galactosidase. Integrated between these two coding sequences is a 59-bp fragment of HIV-1 which contains the frameshift-mediating sequence of the gag-pol overlapping region. This viral sequence contains the shifty sequence, encoding U UUU UUA, followed by a palindrome which is thought to exhibit a stem-loop structure. Normal translation from the RNA of this construct leads to a translational stop shortly after the f3-galactosidase region. Complete translation of the fusion protein GAL-LUC depends on ribosomal frameshifting at the HIV-1 sequence.
GAL-LUC exhibits the enzymatic activity of both proteins (Fig. 1) . A comparison of the enzymatic activity and intensity of the bands in the Western blots shows that the fusion protein harbors the same specific activities as the nonfused proteins (data not shown). The relative enzymatic activities of luciferase and 1-galactosidase therefore reflect the frameshifting efficiency. To quantify this ratio, the construct pBgallucO served as a reference. Since the coding regions for 1-galactosidase and luciferase are in the same frame, translation of mRNA from this construct must lead exclusively to the fusion protein GAL-LUC. Frameshifting efficiency can be calculated by relating the enzymatic activities in pBgalluc-1-expressing cells to those in pBgallucOexpressing cells.
Western blotting of the cellular products derived from the reporter constructs (Fig. 1B, lanes 3 to 6) shows that the fusion protein GAL-LUC (178 kDa) is synthesized (Fig. 1B,  arrow 1 ). The intensity of the 178-kDa band corresponds to the amount of active luciferase determined by the enzymatic assay. In the -1 constructs, the major product expected is a protein that is somewhat larger than the wild-type 3-galactosidase (Fig. 1B, arrow 3 ). This product is visible in lanes 4 to 7 in the anti-3-galactosidase antibody-treated Western blot (Fig. 1B, arrow 2) . However, the Western blots also show that the fusion protein is degraded by cellular proteases. The cleavage sites are located in the region between the wild-type enzyme sequences and within the N-terminal part of the luciferase, giving rise to two anti-,B-galactosidasereactive and two antiluciferase-reactive degradation products (data not shown). The extent of degradation correlates with the amount of GAL-LUC. Furthermore, the ,B-galactosidase activities of the fusion protein and the shorter products are identical. Therefore, the calculation of the relative frameshifting efficiency is not altered.
HIV-1 frameshifting efficiency in cell culture and in vitro. The observed frameshifting is caused by the HIV-1 sequence. This is demonstrated by mutating the slippery sequence within the HIV-1 fragment (pBgalluc-1 to pBgal- (24) , flanked by synthetic SalI (5') and BamHI (3') sites, was integrated between two functional protein-encoding regions, those for ,-galactosidase (5' to the left arrow) and firefly luciferase (3' to the right arrow). The sequence between the middle and the right arrow (BamHI-SacI) serves as a linker and replaces the AUG codon of the luciferase gene. The slippery sequence, which is indicated by boldface letters and an overline, is followed by a potential stem-loop structure. In this construct the luciferase gene is fused in the -1 frame with respect to the ,-galactosidase reading frame. The translation of the full-length GAL-LUC fusion protein depends on ribosomal frameshifting at the HIV-1 slippery sequence. The in-frame translation product is terminated after six codons of the wild-type luciferase reading frame. The expression unit is driven by transcriptional control elements derived from simian virus 40. (B) Western blot analysis of translation products. Lanes luc-lmut), which abolishes the production of the fusion protein (compare lanes 4 and 7 in Fig. 1B) . The extent of ribosomal frameshifting is determined by comparing the luciferase and ,B-galactosidase activities of the -1 construct with those of an in-frame construct (pBgallucO). According to this calculation, the frameshifting efficiency mediated by the HIV-1 sequence is about 3% in BHK cells. This differs significantly from the in vitro results (about 10%) obtained by other groups (13, 17, 28 Fig. 2 . Expression of ,B-galactosidase from the cotransfected pHIAPr1-1-Gal plasmid harboring the 3-galactosidase gene under the control of the human P-actin promoter was used to normalize transfection efficiency. In vitro frameshifting efficiency was calculated by relating the luciferase expression derived from the indicated in vitro-transcribed and -translated plasmids to that from pBT7FSLucO. The standard deviation is given.
higher in vitro than in vivo. This is in line with the results of Parkin et al. (23), who observed a fivefold reduction of the frameshift efficiency in eukaryotic cells compared with that in the in vitro system.
Frameshifting efficiency in cell lines from different species and tissues. We have used the described in vivo assay system with GAL-LUC detection to analyze the extent of frameshifting in mammalian cell lines from different species and tissues. The extent of ribosomal frameshifting in the mammalian cell lines tested is between 2.2 and 3.2% (Table 2) . No species-or tissue-specific difference could be detected. Therefore, our results do not support the hypothesis of differential participation of cellular factors (7) .
Influence of stem-loop sequence on frameshifting efficiency. Although the exact mechanism of retroviral frameshifting is not known, the site of frameshifting within the slippery sequence has been determined (10, 12, 13, 21, 27) . The slippery sequence of HIV-1 is U UUU UUA. A mutation of this sequence to C UUC CUC reduces the frameshifting efficiency nearly 100-fold (compare constructs pBgalluc-1 and pBgalluc-lmut in Fig. 1 and 2) . The sensitivity of the in vivo assay system allows us to determine whether the sequences surrounding the slippery sequence influence the frameshift event. The elimination of the stem-loop sequence reduces frameshifting efficiency about threefold in vivo (pBgalluc-1sL) (Fig. 2) and in vitro (pBT7Luc-1sL) (Table 1) .
These data show the quantitative influence of the sequence which has been reported to form a stem-loop (23) on frameshifting activity. However, the influence of the stem-loop is less drastic than with other viruses, in which destabilization of the RNA structure leads to a more than 10-fold reduction in frameshifting efficiency (1, 3, 4, 12) .
According to the currently discussed mechanistic models, frameshifting on the HIV-1 slippery sequence should only, take place towards -1 (12, 27) . Indeed, another stem-loop deletion construct in which luciferase activity is only restored upon shifting into the -2/+1 frame does not give rise to significant luciferase activity (pBgalluc-2SL, Fig. 2 ).
Frameshifting is mediated by the slippery sequence alone and is independent of position within the reading frame. A further delimitation of the HIV-1-derived sequence in the pBgalluc-1 reporter genes shows that significant frameshifting efficiency is mediated by the slippery sequence U UUU UUA itself (pBgalluc-lhepta in Fig. 1B and 2 ). To ensure that the context of the heptanucleotide in the fusion protein gene does not enhance frameshifting coincidentally, we introduced the slippery sequence into the coding sequence of the luciferase gene. In the mutant pBgalluc-lh ta"s the luciferase coding region was set into the -1 frame ' to the heptanucleotide sequence. In a computer-assisted sequence analysis for potential secondary structures (29) In particular, the stem-loop sequence which is present in the natural HIV-1 sequence stimulates frameshifting efficiency. This is in agreement with earlier reports on the influence of stem-loop sequences on the efficiency of ribosomal frameshifting (1, 3, 4, 12, 23) .
A comparison of frameshifting efficiencies in cell lines from different species and tissues indicates that -1 frameshifting, which is directed by defined nucleotide sequence information, is an inherent property of the translational apparatus whose efficiency is not influenced by cell-specific factors. We have not been able to determine the extent of ribosomal frameshifting in the natural host cells of HIV-1 with this assay system, since the expression of transfected genes in T cells is not sufficient. However, CD4-expressing 293 cells, which represent an excellent host for HIV-1 replication (unpublished), show the same efficiency as the other cell lines tested.
A significant difference between the frameshifting efficiency in in vitro systems and in intact cells has been observed for the wild-type sequence (Table 1) . A similar observation regarding the differences in frameshifting efficiency in vitro and in vivo was made by Parkin et al. (23) . These authors found a much lower efficiency (0.7%) when they expressed the native HIV-1 gag-pol domain in cultured avian and simian cells. The difference in frameshifting efficiency between our reporter gene assay system and the native HIV-1 sequence in vivo and in vitro may be explained by technical differences or by biological specificities such as differential translational efficiency.
Our data suggest that the heptanucleotide sequence . 1A ). Sequences derived from HIV-1 are shown by large capital letters, and the shifty sequence is printed in boldface capitals. Whereas in all other constructs the shifty sequence is between the reading frames for P-galactosidase and luciferase, in pBgalluc-lhepta. the shifty sequence has been placed into the coding region for the luciferase gene.
U UUU UUA positioned correctly at any site within a reading frame is sufficient to mediate frameshifting. Because of the calculated frequency of that heptanucleotide in the genome, frameshifting should also take place in nonviral mammalian genes. We have performed a computer-assisted search of human sequences from the EMBL data base (release 29, December 1991). While the frequency of the heptanucleotide sequence within flanking and intronic gene sequences is three times higher than statistically expected, it occurs much less frequently in the reading frame of human genes. The heptanucleotide sequence in the appropriate reading frame is nearly fivefold underrepresented. We found 19 different genes from 11,256 human sequence files in which the motif U UUU UUA should lead to transframe proteins. The length of the putative transframe extensions is from 4 to 50 amino acids. The combination of the heptanucleotide sequence with an adjacent secondary structure was found in several cases. We conclude that during evolution, the frameshift sites that were not needed or neutral were eliminated. We predict that the remaining transframe proteins play a distinct role in cellular metabolism.
